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Triethynylphosphines are an interesting class of compounds that
can be used as phosphorus ligands in transition metal complexes.1

Owing to the linearity of the sp-hybridized carbon atoms, trieth-
ynylphosphines possess a rigid tripodal framework with the
minimum steric demand around the phosphorus center. The entire
structure can be varied through the substituents at the alkyne termini
without affecting the steric environment in proximity to the
phosphorus center. Despite these intriguing characteristics, however,
no catalytic application of triethynylphosphines has been reported.
This seems to be due to the reactivity of the alkyne sites2 and the
complexity of the coordination modes.3 We envisioned that bulky
substituents at the alkyne termini could protect the alkyne sites from
approach by a metal, thus enabling the use of this class of
compounds asη1-coordinating phosphorus ligands.

Here we report the synthesis, properties and catalytic uses of
phosphinoalkynes bearing bulky end caps at the alkyne termini,
that is, tris[(triarylsilyl)ethynyl]phosphines (1a,b). The most salient
feature of the new phosphines is the holey molecular shape
possessing a deep and large-scale metal-binding cavity.4 The holey
phosphines displayed remarkable rate enhancement in the gold(I)-
catalyzed5 six- and seven-membered ring forming cyclizations of
acetylenic keto esters6 and 1,7-enynes.7 We propose that the cavity
in the ligand forces a nucleophilic center (enol or alkene) of the
acetylenic compounds close to the gold-bound alkyne.

Phosphines1a,b were prepared from the corresponding aryl
bromides through a two-step procedure in 72 and 67% overall
yields, respectively (Scheme 1).8 The compounds are stable against
air oxidation not only in crystal form but also in solution.

We conceived that the holey catalytic environments created in
1a,b might be advantageous for cyclization reactions and decided
to apply them to a gold(I)-catalyzed alkyne cyclization. Reaction
of triethynylphosphines1a,b with an equimolar amount of AuCl‚
SMe2 formed neutral complexes [AuCl(1)]. The 31P and13C NMR
results confirmed that the ethynylphosphines areη1-P-coordinated,
leaving the alkyne moieties free from coordination. The neutral
gold(I) complexes were converted to a cationic form (2a,b) by
treatment with excess Ag[N(SO2CF3)2], and a filtered solution was
applied to the alkyne cyclizations.6c

We found that triethynylphosphine1ashows a marked advantage
over conventional phosphine ligands when applied to the gold(I)-
catalyzed 6-exo-dig cyclization of acetylenic keto ester3a (Table
1, entries 1-6). It should be noted that the gold(I)-catalyzed 6-exo-
dig cyclization of simple acetylenic keto esters leading to mono-
cyclic methylenecyclohexane derivatives has not been described
in the literature,9 whereas many examples of the 5-exo-digand
5-endo-dig cyclizations have been reported.5 Thus, treatment of3a
with a CH2Cl2 solution containing 1 mol % cationic gold(I) complex
2a resulted in smooth conversion at room temperature, the reaction
being completed within 1.5 h to afford4a in quantitative yield (entry
1). In contrast, there was almost no reaction with the corresponding
PPh3 complex (3%, 1.5 h, entry 2). Bulky, biphenyl-based phos-

phines such as5a,b,10 which were reported to be exquisite ligands
in the gold-catalyzed reactions of 1,6-enynes, failed to activate the
gold catalyst in promotion of the present reaction (entries 3 and
4). The complex formed with the P(OPh)3 ligand, whose donor
power is estimated to be comparable with the triethynylphos-
phines,11 catalyzed the cyclization with much lower efficiency (21%,
6 h, entry 5) than that achieved with1a. The existence of a bulky
substituent in triarylphosphite6 had only a little influence on the
activity of the gold catalyst (entry 6).

Comparison of triethynylphosphines (1a-d) bearing silicon end
caps with varying steric demands and shapes indicated that a ligand
steric factor is crucial for promotion of the cyclization. Phosphine
1b, which has 3,5-(Me3Si)2-C6H3 terminal Si-aryl groups instead
of the 3,5-(t-Bu)2-4-MeO-C6H2 groups in1a, was also effective in
conversion of3a to 4a, but its gold complex (2b) showed apparently
lower catalytic activity than2a, achieving only 70% conversion
after 5 h (Table 1, entry 7). Upon removal of the meta substituents
on the terminal Ar3Si groups, the activity of the gold complexes
disappeared almost completely (1c, 4% conversion, 2.5 h) (entry
8). The ligand with Si(i-Pr)3 end caps (1d), whose steric demand
is fairly large in the vicinity of the ligand alkyne moiety but is too
small to reach to the reaction site, showed again some

Scheme 1

Table 1. Gold(I)-Catalyzed 6-exo-dig Cyclization of 3a
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rate enhancement (13%, 1.5 h, entry 9) but to a much smaller extent
than 1a and 1b. These results clearly indicate that the meta
substituents (t-Bu and Me3Si) of 1a and1b play a critical role in
promotion of cyclization.

The gold complex (2a, 1 mol %) with the holey ligand (1a) was
applied to the cyclization of other acetylenic substrates and was
compared with the PPh3 complex in terms of catalytic activity
(Table 2). In accordance with our assumption in the ligand design,
the catalytic benefit of1a was significantly diminished in the
reaction of cyclic substrate3b, which is programmed for cyclization
via insertion of a ring between the alkyne and keto ester moieties
(Table 2, entries 1 and 2).9 Thus, only in the case of PPh3 was a
significant rate enhancement observed when compared to the reac-
tion of acyclic substrate3a (Table 1, entry 2 vs Table 2, entry 2).

The superior performance of1aover PPh3 recovered reasonably
in the 7-exo-digcyclization of linear acetylenic ketoester3c (Table
2, entries 3 and 4). The catalysis of3c cyclization by 2a was
completed in 1 h toafford an isomeric mixture of seven-membered
ring compounds, consisting of a typical exomethylene compound,
an R,â-unsaturated keto ester, and their enol forms. After base-
catalyzed isomerization, the conjugated compound4c and its enol
form were isolated in 65 and 35% yields, respectively (entry 3).
When PPh3 was used as a ligand, the reaction of3c showed only
23% conversion after 1.5 h (entry 4).

We next examined the gold(I)-catalyzed cycloisomerization of
1,7-enynes,12,13and found that the holey phosphine (1a) could assist
cyclization more successfully than PPh3 (Table 2, entries 5-12).
Thus, the reaction of 1,7-enyne7a (0.02 M), which bears a malonate
group at the bishomopropargyl position, with1a was completed in
20 min to afford8a in 75% yield, while the reaction with PPh3

exerted only 9% conversion at 20 min and required 5 h for
completion (entries 5-7). It should be noted that the cycloisomer-
ization of 7a was accompanied by formation of oligomeric com-
pounds, and this could not completely be avoided even using1a.

To our surprise, the reaction of 1,7-enyne (7b) (0.1 M) bearing
a malonate group at the homopropargyl position proceeded very
rapidly irrespective of using either1a or PPh3, being completed in
10 min to afford8b (as an isomer mixture) in high yields (entries

8 and 9). Perhaps this means that the Thorpe-Ingold effect worked
more efficiently for7b than for7a, and that the steric effect of the
holey ligand did not operate efficiently in the reaction of the
programmed substrate (7b), as in the case of cyclic keto ester3b
(entries 1 and 2). Eliminating the Throe-Ingold effect through the
replacement of the malonate linker of7b with an ethereal one
resulted again in the recovery of the superiority of1a over PPh3
(reactions of7c, entries 10-12).

The results obtained here support our speculation that the cavity
in the ligand forces the nucleophilic center (enol or alkene) close
to the gold-activated alkyne, making ring-closing anti attack
feasible. Although confirmation of this speculation must await
further synthetic and mechanistic studies, we believe that the present
work provides a general approach toward molecular design of
efficient metal catalysts for the construction of cyclic structures.
The holey triethynylphosphines are easy to synthesize and handle
and are useful items for the toolbox in catalytic organometallic
chemistry.
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Table 2. Cyclization of Various Acetylenic Compounds Catalyzed
by the Cationic Gold(I) Complex [Au{N(SO2CF3)2}(Ligand)].a

a Conditions: 1 mol % Au, 0.4 mmol alkyne, CH2Cl2 (1 mL for entries
1-4; 20 mL for entries 5-7 and 10-12; 4 mL for entries 8 and 9), 25°C.
Conversion of alkyne was 100% except for entries 2, 4, 6, and 11-12.
b Starting material remained.cConversion of7 determined by1H NMR.
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